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ABSTRACT 
The manufacturability of fluorinated oxidation processes was studied in the 
Device Development Laboratory at AT&T-Bell Laboratories i_n Allentown, PA. 
Since the nature of the interface in a MOS structure determines the electrical 
characteristics of the oxide, a study was also completed that related the amount 
of fluorine found in the oxide structure to the amount of NF 3 ·placed in the 
furnace tube during the oxidation cycle. A manufacturable process was defined 
as one which results in oxide thickness uniformity within 10%. Oxide thickness 
uniformity was measured via ellipsometry. The p:rocess windows were defined 
for the given furnace system as oxidation temperatures from 800 to 1000 ° C, 
oxidation intervals from 12 to 300 minutes and NF 3 concentrations dispensed in 
the furnace tube during the oxidation cycle of 10 ppm to 100 ppm. Saturation 
of the oxide structure was measured via SIMS and o_ccurred in a sequential. 
fashion starting at the near interface and ending with the entire structure. The 
NF 3 con.centrations placed into the furnace tube over which this saturation 
process occurred were 10 ppm to 750 ppm. The saturation level is equal to 217 
parts per thousand- of fluorine in the oxide and n~ar interface regions. 
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INTRODUCTION 
Chemical enhancements of thermally grown oxides on silicon substrates have 
been a topic of study for well over 10 years. Thermal oxides are grown in a 
furnace at elevated -temperatures in an oxygen rich environment. Figure 1 
depicts a simple schematic of this type furnace system. Gases are introduced 
from the source end of the furnace tu_be. Initially oxidations were completed 
through the introduction ·of ·only dry oxygen. As the processing technology 
advanced, other gases were introduced into the· furnace during the oxidation 
cycle, which improved certain qualities of the oxide. Inert gases are introduced 
during the ramp-up and ramp-down portions of the oxidation cycle to help 
improve the uniformity of the oxide layers across a silicon wafer .. Historically 
three chemical means of enhancing the oxide have been studied. 
Water can be introduced into an oxidation vessel as steam or through a 
pyrogenic system in which hydrqgen and oxygen are mixed in a two to one ratio, 
respectively. In 1980, D. R. Wolters published data on the role of water in the 
oxidation of silicon. 1 Figure 2 displays Wolters' data, in which the oxidation 
time is plotted versus the oxide thickness squared. Four different volume 
percentages of water in oxygen are noted. The enhancement caused by the 
addition of water into the oxygen ambient involves only the increased rate of 
the oxidation! 
- 2 -
The rate of .oxidation is best explained through the Deal-Grove ·model for 
oxidation. In 1965, B. E. Deal and A. S. Grove of Fairchild Semiconductor 
proposed a general relationship for the thermal oxidation of silicon. This 
relationship combined the transportation kinetics of the oxygen gas to the 
interface b~tween the silicon and the silicon dioxide, with Newton's Law of 
Cooling, Henry's Law and Fick's Law. Tbe relationship is noted in e-quation 1: 
x; + Ax O = B ( t + T) (1) 
where B/ A is the linear rate constant, B is the parabolic rate constant and T 
corresponds to a shift in the time coordin-ate which corrects for the presence of 
the initial oxide- layer (xi). 
The following equ·ations were also derived by Deal and Grove: 
A - 2 Deu [kl + hl] 
C* 
B - 2 Deff N1 
(2) 
(3) 
(4) 
where C* is the equilibrium concentration of oxidants, D eff ~s the effective 
diffusion coefficient, k is the rate constant associated with the silicon surf ace, h 
is the gas-phase transport coefficient and N 1 is the number of oxidant molecules 
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incorporated into a unit volume of the oxide layer. 
2 
When silicon is oxidized in oxygen, trace amounts of water influence the 
oxidation rate. The parabolic rate constant derived by Deal and Grove 
increases significantly when the dry oxygen ambient has as little as 25 ppm of 
water ·added to it. The influence· of water is explained qualitatively by the 
assumption that trace amounts ·of water tend to loosen the sili~a network, thus 
enabling the oxygen to diffuse more quickly towards the silicon/silicon dioxide 
interface where it reacts to form more thermal oxide.
1 
Historically, the other two chemical means of enhancing the oxide noted in the 
literature, are chlorine and fluorine. Chlorine and fluorine can both enhance 
the rate of oxide growth and the resultant quality of the oxide. Rate 
enhancements are important for thicker ·oxides in which a major portion of the 
thermal budget available to build the entire- device is cnnsumed. There.fore, if 
the thicker oxides can. be gro~n in less time, the thermal budget can be 
conserved for other ·operations necessary later in the process. Rate 
enhancement data exists in. the literature for chlorine and for fluorine.
3141516 
Figure 3 contains data for chlorinated and fluorinated oxidations ·collected from 
the literature. Increases in chlorinated or fluorinated species result in an oxide 
growth model -in which both the linear (B/ A) and the parabolic (B) rate 
constants increase. 
The oxide quality is enhanced electricaliy and physically due to the presence of 
chlorinated or fluorinated species during the· oxidation process. In other words, 
- 4 -
the addition of certain chemical species during the thermal oxidation process, 
can result in improvements in the MOS (Metal Oxide Semiconductor) 
characteristics of the device. These improverne.nts include an increase in the 
dielectric strength of the oxide film, a decrease in the mobile ion concen tratio.n, 
a d~crease in the concentration of interface traps, and _the elimination of 
oxidation - induced stacking faults·. The electrical characteristics of .a MOS 
device depends almost entirely on the silicon/silicon-dioxide interface. T. P. 
Ma, a pioneer in the field of chemically enhanced oxidations, found that the 
reli~bility of the Si-SiO 2 interface depends strongly upon the amount of 
chlorine or fluorine incorporated into the oxide and the near interface 
region.7,8,9,10 
This paper presents data from a processing point of view. The equipment 
avail~ble to generate data for this paper did no.t allow for the dispensing of high 
concentr~tions of fluorine in a manner in which the oxide film uniformity across 
the wafer was sufficient for the manufacturability of the process. Thus, sin.ce 
the electrical characteristics of a MOS device depend heavily on the nature of 
the oxide near the interface, attempts to correlate the amount of fluorine 
dispensed into a process tube to the resultant concentration of fluorine in the 
oxide began. Each experimental run through the furnace contained wafers 
which were ·analyzed for oxide film uniformity and fluorine concentration. 
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EXPERIMENT AL 
The silicon wafers used to generate date for this paper were P-type bulk wafers 
with resistivity values between 5 and 50 ohm-cm, and (100) orientation. The 
furnace employed in this experiment was a full-size production Bruce Furnace 
manufactured by BTU Engineering Corporation. A 7351 DOC model 
microcontroller was used to program the necessary temperature excursions, 
ramp rates, and gas flows. Nitrogen trifluoride gas (NF 3 ) was selected as the 
source of fluorine. A 2% NF 3 in N 2 bottle was placed in a gas cabinet and 
piped into the back of the furnace through two mass flow controllers- (MFC's ). 
The two MFC's have capacities of 1.0 l.ite·r/minute and 0.1 liters/minute. Both 
MFC's were placed in parallel so the software could access one of the flow 
controllers at a time, as welf as both· simultaneously. Furthermore, with 
adjustments to the oxygen flow into the process tube, the concentration of 
fluorine released into the furnace could· range well beyond two orders of 
_magn.itude. 
In addition to the two noted NF 3 W'C's, the Bruce Furnace was equipped with 
a 30 liter/minute N 2 W'C, a 30 liter/minute 0 2 MFC, a 27 liter/minute Ar 
MFC, and a 1 liter/minute N 2 W'C which was piped through a bubbler filled 
with trichloroethane (TCA). The bubbler containing the TCA was placed on a 
heater ·block where the liquid TCA. could be raised in temperature t9 23 ° C ·as 
nitrogen is bubbled through it. This allowed for the release of chlorine species 
into the furnace tube during tube c"leaning proc.edures. A standard cleaning 
- 6 -
_procedure that employs flowing approximately 4% TCA at a temperature 50 ° C 
above the normal operating .temperature of the furnace for 30 minutes, was 
completed once every week. 
A typi~al furnace temperature profile, displayed in Figure 4, involved initializing 
the correct programming sequence on the BTU 731 DDC. The DDC contains all 
the parameters necessary to complete the furnace run. The quartz furnace tube 
idles at 750 ° C. The wafers are introduced into the tube in a vertic·al position in 
quartz boats placed on a SiC paddle which moves into the process tube. 
At this point only excess oxygen is flowing into the process tube. The furnace is 
ramped up to the programmed temperature of. interest at a rate of 5.0 ° C per 
minute in an excess oxygen ambient which also contains the appropriate level of 
NF 
3
• Once the programmed temperature is reached, the NF 3 plus excess 
oxygen ambient is maintained for the designated oxidation interval. After the 
oxidatio~ step is complete, the NF 3 is turned off and the excess oxygen flow is 
maintained to purge the tube of any remaining NF·3 • The furnace tube is then 
cooled to 750 ° C at a rate of 3.3 ° C per minute in ·an excess nitrogen ambient. 
The paddle, upon which the wafers sit, is extracted from the tube. The wafers 
are allowed to cool .for 20 minutes before any further manipulation occurs. 
- 7 -
SAMPLING PLAN 
Every fluorinated oxidation run included 9 bulk P, silicon, five inch wafers of 
(100) orientation. The g wafers were categorized into 3 groups. The first group 
of wafers were used for secondary ion mass spectrometric analysis (SIMS) while 
the second group of wafers were used for electrical oxide analysis, and the third 
group were used for oxide thickness uniformity analysis. One wafer from each 
category was placed in the extreme load, center and extreme source positions in 
the furnace tube. 
The hardware changes were made on the Bruce Furnace System to allow for the 
safe introduction of fluorine from a remote gas cylinder locate.cl in a vented ·gas 
cabinet. The piping was pressure checked and the NF 3 :MFC's w.ere ·exercised. 
A furnace control run with excess oxygen flow was completed to access the 
quality of the furnace system prior to running fluorine. Exp~rimental 
fluorinated oxidation runs were then completed employing various combinations 
of NF 3 flow rates, oxygen flow rates, oxidation -time and oxidation tempe.rature. 
Over 100 fluorinated oxidation runs were completed. 
Prior to the oxidation run, the wafers were placed through -a sequence of wet 
chemical cleans which removed any organic contaminants, metallic 
contaminants and native- oxide that might have accumulated in the time 
between identifying the wafers and processip.g the wafers. 
Every fluorinated oxidation run had all nine wafers measured at five locations 
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(top, left, center, right and bottom) on a Rudolph Research .Auto EL-II 
ellipsometer to determine the refractive index and t·he thickness of the oxide. 
Fig·ure 5 schematically depicts the locations on eac·h wafer where the 
measurements were taken. 
Secondary ion mass spectrometry (SIMS) was employed to determine the 
amount of fluorine in the ox.ide structure as a function of depth. All the SIMS 
analysis were completed on a PeTkin-Elmer PHI-6300 with an ot ·primary beam 
0 
at a sputter rate typically r~nging from 300 to 540 A per minute. The sputter 
rate varies directly with the thickness· of the fluorinated oxide being analyzed. 
Negative secondary ions were used as the detection medium. A standard 
sample with fluorine implanted in SiO 2 was also analyzed to quantify the levels 
of fluorine found in the experimental samples. 
RESULTS 
Numerous fluorinated oxidation runs were completed under various conditions. 
The three variables were oxidation time, oxidation temperature and 
concentration of NF 3 released into the process tube during the oxidation 
po~tion of the cycle. A set of standard conditions were defined as 60 minute 
oxidation time, 900 ° C oxidation temperature and 1000 ppm NF 3· The 
standard conditions were varied one at a time during the experimental 
fluorinated . oxidations.. This was completed in order to assess the 
manufacturability of the fluorinated process. The literature contains a few 
- g -
sources that note oxide thickness versus oxidation time for fluorinated oxides 
using. small pieces of silicon in small furnaces. 
5
·
6 This paper describes a true 
attempt to employ a fluorinated system in a manufacturing environment 
employing the appropriate large-scale equipment. 
Furnace runs employing the fluorinated system were completed at NF 3 
concentrations varying from 10 ppm NF 3 to 1000 ppm NF 3 , at oxidation 
tempe_ratures ranging from 800 to 1000 ° C and at oxidation times from 12 to 300 
minutes. Each and every fluorinated oxidat"ion was viewed f ram a 
manufacturability vantage point employing analysis of variance (ANOVA) 
programs to observe the variability of the process. Oxide thickness was chosen 
as the criterion by which the capability of the process was determined. The 
refractive index of the oxides were also measured as a gross indicator of physical 
change in the oxide due to the fluorine content. 
The AN OVA statistical program analyzed the variability on three levels: 1) site 
to site across ·the wafer variability; 2) wafer to wafer across the load variability; 
and 3) run to run across the process variability. Some ANOVA results appear 
in Figures 6 and 7. The conditions for .the experimental fluorinated oxidation 
run displayed in Figure 6 were a 900 ° C oxidation temperature, a 60 minute 
oxidation time and a 1000 ppm concentration level of NF_3 in the furnace tube 
(standard conditions). Figure 6A contains the raw data in g colum:Qs of 5 
points. The g columns represent the 9 wafers in this run w-hile the 5 points per 
column represent the 5 ·sites per wafer that were analyzed for oxide thickness 
~ 10 -
and refractive index via ellipsometry. Logistically, the wafers were clustered in 
groups of three with the first group being located at the extreme source end of 
the furnace, the se_cond group in the center and the third group i.n the extreme 
lo~d end of the furnace. Figure 68 contains within wafer uniformity data. 
Wafer number 1 has a high standard deviation because it is the first wafer the 
NF 
3 
gas hits coming out of the injectors located at the extreme source end of 
the furnace tube. As the NF 3 gas flows down the tube it seems to have less 
affect on the first wafer in the other two clusters, located at the center and load 
end of the furnac·e, resulting in much lower standard deviations. However, the 
second and third wafers in each of the cent-er and load clusters have higher 
standard deviations due to the difficulty the NF 3 gas had in. evenly distributing 
itself across the entire wafer as it flows down the furnace tube. 
Figure 6C displays within run ·uniformity while Figure 6D depicts data for 
within process uniformity. Both Figures 6C and 6D have a greater use when 
viewing multiple runs under the same conqitions. 
Figure 7 is formatted iu- the same manner as Figure 6. The conditions for the 
experimental" fluorinated oxidation run displayed in Figure 7 were a. 900 ° C 
oxidation temperature, a 60 minute oxidation time and a 10 ppm concentration 
level of NF 
3 in the furnace tube during the oxidation cycle. The raw data is 
displayed in Figure 7 A. The within wafer uniformity is pictured in Figure 78 
where the fourth and seventh wafers had high standard deviations for the oxide 
thickness measurements taken across the wafer. At this low level of NF3 
~ 11 -
concentration, not much growth enhancement occurs. Thus, the wafers most 
easily reached by the NF 3 gas have the .greatest variability in the run. 
How.ever, the range of the variability seen across the :wafers in. this run is only 2 
0 0 
to 8 A, while Figure 6B had a range from 20 to nearly 200 A. The only 
difference between the data presented in Figure 6 and the data ·presented in 
Figure 7 was the concentration level of NF 3 during the oxidation cycle. 
Graphs displaying the spread of oxide thickness for numerous concentrations of 
NF 
3 
are contained in Figure 8. The conditions for all runs completed in Figure 
8 were a 900 ° C oxidation temperature, a 60 minute oxidation time and varying 
NF 
3 
concentrations. Each data poipt in Figure :8 is a statistical mean derived 
from a minimum of 45 oxide thickness measurements. Each data point has 
error bars included which represent one standard deviation above and below the 
calculated mean. Figure 8A shows data prior to the implementation of changes 
that would attempt to minimize the variability·of the oxide thickness. The data 
point for 10 ppm NF 3 has an error bar so small in magnitude that the data 
point alone hides it. At a concentration level of 50 ppm NF 3 , the magnituq.e of 
. 0 . 
the errot bar jumps to almost 300 A on either side of the mean. The error bars 
for data points from 100 ppm to 1000 ppm NF 3 all have magnitudes exceeding 
0 
125 A. 
At this point the only concentration of NF 3 that could be employed in a 
manufacturing process was 10 ppm NF 3 • A manufacturable process with 
respect to oxide thickness, can simplistically be defined as a process which 
- 12 ·-
yields oxide thickness values which have less_ than 1_0% variability. In order to 
use fluorinated oxidations in a manufacturing line, the process window had to 
be defined and in this particular c·ase enhanced beyond 10 ppm NF 3 • A 
number of experimental runs were completed using different gas flows and 
baffling sequences in an attempt to minimize the oxide thickness variability. 
Figure 88 displays a curve of oxide thickness versus NF 3 concentration after 
the proces~ w·as changed to minimize variability. The fluorinated process is now 
capable of maintaining a 10% oxide thickness variation from 10 ppm ·NF 3 to 75 
ppm NF 3 • At 100 ppm NF 3 , and beyond, even after the changes, variations in 
oxide thickness increase to· such an extent that application of this process in a 
MOS production line is not possible. 
The uniformity data directionalized the effort to find applications for thin 
. 
0 
fluorinated oxides ( < 500 A). The ability to grow thick fluorinated oxides, 
where growth rate enhancements are important in the conservation of the 
thermal budget for the entire device, may be feasible in a furnace system which 
contains numerous ·inj-ectors located evenly down the furnace tube. 
Other oxide thickness data generated for this paper appear in Figure O_, 10, and 
11. 'Figure 9 compares oxide thickness data as a function of NF 3 concentration 
for fluorinated oxides grown at various temperatures. Figure 9A contains data 
for fluorinated oxides grown at 900 and 950 ° C at vari_ous NF 3 concentrations 
for an oxidation time of 60 minutes. Figure 9B depicts data irom the literature 
for fluorinated oxides grown at 900 and 1000 ° C at various NF 3 concentrations 
- 13 -
for an oxidation time of 60 minutes. 3 ·4 
Figure JO compares oxide thickness data as a fu·nction of oxidation time for 
fluorinated oxides grown at various temperatures and in various NF 3 
environments. Figure lOA displays literature data for fluorinated oxides grown 
at goo·° C and various NF 3 concentr.ation levels while Figure lOB is also 
literature data for fluorinated oxides grown at 1000 ° C and the same NF 3 
concentration levels. 3 ·4 Figure lOC depict curve~ generated from fluorinated 
oxides grown at 900 and 950 ° C for 50, 500 and 1000 ppm NF 3 • In all ·cases, 
thicker fluorinated oxid~s were grown as the oxidation temperature and/or the 
concentration level of NF 3 in the tu be during the oxidation cycle increa.5ed. 
Also, there exists a. direct relationship between the oxidation time and the 
thickness of the fluorinated oxide. 
Figure 11 pictures the oxide thickness as a function of oxidation temperature. 
The literature data was generated from fluorinated oxidations at an oxidation 
time of 60 minutes, oxidation. temperatures of ·900 and 1000 ° C, and NF 3 
concentrations of 11, 22 and 44 ppm's.3 , 4 The data generated for this paper was 
taken from fluorinated oxides run at 800, 850, 900, 950 and 1000 ° C for 60 
minutes of oxidation time at 1000 ppm NF 3 during the oxidation cycle. A 
direct relationship exists between the oxidation temperature and the thickness 
of the fluorinated oxide. 
Since the electrical characteristics of a MOS device depend heavily on the 
nature of the oxide near the in_.terface, it is necessary to correlate the fluorinated 
- 14 -
oxide thickness data to the location and concentration of fluorine in the 
fluorinated oxide structure. SIMS analysis was employed to complete th.is task. 
Uniformity of fluorine concentration was also generated via SIMS analysis. The 
fluorinated oxide structure was separated into three regions: 1) the .surface; 2). 
the oxide; and 3) the near interface. 
Figure 12: contains 3 data lines whic·h depict the concentration of fluorine as a 
function of analysis position within a single wafer. The conditions of this 
fluorinated oxidation were an oxidation temperature of QOO ° C, an oxidation 
time of 60 minutes and concentration level of 10 ppm NF· 3 in the- furnace. All 
t-hree of the regions defined in the fluorinated oxide structure had flat fluorine 
concentration profiles from the center to the edge of the wafer. Thus, the 
within wafer uniformity of fluorinated oxides grown at low concentration levels 
of NF 3 (i.e. 10 ppm) was excellent. 
Figure 13 depicts four figures of fluorine concentration in the fluorinated oxide 
structure as a. function of wafer placement in the furn~ce· tube. This figure 
displays within run uniformity for four different NF 3 concentrations in the 
furnace tube (25 ppm, 40 ppm, 50 ppm and 75 ppm). The remaining conditions 
for these four fluorinated oxidations were common ( a 900 ° C .oxidation 
temperature and a 60 minute oxidation time). These SIMS results show 
minimal cliff erences for both the oxide and near interface levels of fluorine as a 
function of tube position. However, there does exist large levels of fluctuation 
in fluorine concentration at the surface, particularly for fluorinated oxidations 
- 15 -
completed at 25, 40 and 50 ppm NF 3 in the furnace tube. The fluorine 
concentration at the surface is a factor of not only the amount of fluorine 
injected in the furnace tube but also the amount of time the wafer spent in the 
production area prior to being placed in the furnace. In general, the levels of 
fluorine in the fluorinated oxide structure are quite uniform from the source end 
of the furnace tube to the load end. 
A comparison between the level of NF 3 placed in the furnace tube and the 
amount of fluorine found in the fluorinated oxide structure is made in Figure 
14. Figure 14A contains data from fluorinated oxidation runs at an oxidation 
temperature of 900 • C and an oxidation time of 60 minutes prior to improving 
the uniformity of the oxide. Figure l4B displays data from fluorinated 
oxidations completed at the same oxidation temperature and oxidation time as 
in Figure 14A. However, Figure l4B depicts data after oxide uniformity 
improvements. The general trend in both figures contained in Figure 14 is that 
an increase in the concentration of NF 3 placed in the tube causes an increase in 
the fluorine concentration found at the surface of the fluorinated oxide 
structure, in the oxide and near the interface. Furthermore, at NF 3 
concentrations greater than 50 ppm, the near interface region had higher levels 
of fluorine than the oxide and the surface regions. 
Figure 15 continues to show the three differently shaped SIMS profiles that 
exist. Each SIMS figure includes a depth profile of the control sample used for 
the entire fluoriilated oxide database. -This sample is ref erred to as "Control 
- 16 -
E6-SIMS-001 ". Each figure also contains at least on
e silicon depth profile . 
.Some samples were analyzed employing sputter rates 
that were cliff erent than 
that used for the· control ·sample.. Whenever two diff
erent sputter rates were 
used, it w·as necessary to place two silicon depth profil
es on that figure. All of 
the SIMS analysis completed in Figure 15 was taken
 from wafers which had 
fluorinated oxides grown on them at an oxidation temp
erature of 900 ° C and an 
oxidation time of 60 .m.inutes. The first sample 
analyzed had an NF 3 
concentration level of 10 ppm during the oxidation cycl
e. A peak in the fluorine 
concentration exists at the near interface region. Th
e second figure displayed 
contains SIMS depth .Profiles for a fluorinated oxide 
grown in 100 ppm .NF·3 • 
This profile shows a trace for fluorine which is fairly c
onstant through the oxide 
layer with a peak at the near interface region. A sam
ple grown in 50 ppm NF 3· 
(not shown) had a similar trace. The third figure depicts a flat dep
th profile for 
fluorine through the oxide and near interface regions
 for a fluorinated oxide 
grown at 600 ppm NF 3 • A sample grown in 400 ppm a
nd one grown in 500 ppm 
had similar SIMS depth profiles with slight increases 
in fluorine concentration 
as the level of NF 3 increased. The fourth figure conta
ins a SIMS depth profile 
for fluorine taken from a sample grown at 750 ppm N
F 3 • The shape of the 
profile in the fourth figure is consistent with the pro
files taken from samples 
grown in 400, 500 and 600 ppm NF 3 ~ The level of fluorine is sligh
tly higher in 
the oxide and the near interface f.or the 750 ppm NF 3 sa
mple. 
Figure 16 displays two sets of profiles. Both sets of p
rofiles again contain the 
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control sample profile as well as two silicon profiles (one for the control sample 
and one for the experimental sample) and one experimental fluorine profile. 
The conditions for the fluorinated oxide runs from which the experimental. 
samples originated involved an oxidation temperature of 900 ° C and a NF 3 
concentration level of 1000 ppm. The variable that- exists between the two sets 
of plots depicted in Figure 16 is the oxidation tim·e. The first set of plots have a 
fluorine profile taken from a silicon wafer that was oxidized in a fluorine 
ambient for 14:15 minutes. The second set of plots contain a fluorine profile 
originat)ng from a silicon wafer that was oxidized for 300 minutes in a fluorine 
ambient. 
DISCUSSION 
The variability in a fluorinated oxidation process is dependent upon the furnace 
equipment, the oxidation temperature, the oxidation time· and the level of 
fluorine introduced into the furnace during the oxidation cycle. T·he furnace 
equipment must allow for an even distribution of the fluorine gas throughout 
the load zone of the furnace tube. Great care must be taken to minimize the 
pocketing of the gas around the different geometries that exist in t~e furnace 
during the fluorinated oxidation cycle (i.e. SIC paddle, quartz boats and silicon 
wafers). The carry-over of residual fluorine left behind in the furnace tube 
and/or on the paddle and boats was a concern. Figure 17 pictures a SIMS plot 
of depth profiles of fluorine and silicon. The ·control wafer was profiled and so 
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was a silicon wa.fer that was. run through the fluorinated system at an oxidation 
temperature of goo° C, an oxidation time of 60 minutes and in an excess oxygen 
ambient in the absence of fluorine (#87 No NF 3 ). Both the control wafer and 
wafer #87 were sputtered at the same rate. The depth profiles for fluorine 
show noise for t.he control sample -and a very s~ight peak for wafer #87. This 
fluorine peak occurs at the near interface and is over 1.5 orders of magnitude 
less than the fluorine peak for a fluorinated oxidation run completed at goo° C 
for 60 minutes in an ambient containing 10 ppm NF 3 • Furthermore-, b~tween 
the control wafer and wafer # 87 over 100 fluorinated oxidation runs were 
completed in that furnace system in the course of four months. The carry-over 
of residual fluorine in the fluorinated system used to generate data for -this 
paper is not a concern. However, a process window for· fluorinated oxidations 
must still be defined in term.s of oxidation times, oxidation temperatures, 
concentration ranges for the fluorine source in which the uniformity can be held 
within 10%. 
The fluorinated furnace system, employed in this paper with gas flow changes 
and the correct baffling sequence, can grow fluorinated oxides with thickness 
uniformity within 10% at oxidation temperatures ranging from 800 to 1000 • C, 
for oxidation times ranging fro:m 12 to 300 minutes and in oxidizing ambients 
containing anywhere from 10 ppm to 100 ppm NF 3 • The thickness of the 
fluorinated oxides generated from the previously mentioned range~ of conditions 
0 
were typically 150 to 1000 A. 
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The data in this paper, compares. favorably with the literature data. Figure 98 
shows· curves for fluorinated oxides grown at 900 ° C for 60 minutes at various 
NF 
3 
concentrations. One of the curves in Figure 98, with the above mentioned 
conditions, was extracted from the literature while the other curve ·was 
generated from data for this paper. The two curves start at 10 ppm NF 3 at 
0 
about the same oxide thickness (--- 300 A). As the NF 3 concentration increases 
the two curves split. At the maximum NF 3 concentration capable of 
maintaining manufacturable uniformity values (100 ppm NF 3 ), the two curves 
0 
seem to be off-set b.y approximately 100 to 150 A ( < 20%). 
F·igure 10 allows for a comparison of the literature data (Figure lOA) to the data 
contained in this paper (Figure lOC) for oxide thickness measurements 
generated as a function of oxidation time. Again, keeping within the processing 
window defined for the fluorinated oxidation system employed in this paper, a 
near comparison of oxidations completed at goo° C for 60 and 120 minutes at 
app_roximately 50 ppm NF 3 can be completed. Figure lOA contains data for 
fluorinated oxides grown at goo° C for 60 and 120 minutes at 44 ppm NF 3 • The 
0 0 
oxide thickness values for these two data points are 425 A and 750 A, 
respectively. Figure lOC contains oxide thickness values for fluorinated oxides 
grown at 900' C for 60 and 100 minutes at 50 ppm NF 3 • The oxide thickness 
0 0 
values for these two data points are 225 A and 375 A. There exists 
approximately a factor of two difference between the literature data and the 
data presented in this paper. The two curves have nearly the same shape. The 
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major difference is the steepness of the slope. The baffling sequence and gas 
flow changes employed. in improving the oxide thickness uniformity was meant 
to evenly distribute the NF 3 gas -around the silicon wafers. A decrease in the 
oxide thickness was seen after these changes. Figure 8 displays this decrease in 
0 
oxide thickness. Figure 8A shows an oxide thickness of approximately 600 A for 
a 50 ppm NF 
3 
concentration level prior to the gas flow and baffling changes. 
0 
Figure 88 displays an oxide thickness of 225 A for a 50 ppm NF 3 c.oncentration 
level after the system changes. All the other conditions for the fluorinated 
oxidation data pictured in Figures 8A, 88, lOA and lOC were identical (i.e. 
900 ° C and 60 minutes). Again, it must be pointed out that the thickness and 
uniformity data from any given system is very dependent upon the log!stics 
involved in each system. 
SIMS analysis was employed to determine the concentration of fluorine in the 
oxide structure. The amount of fluorine at the near interface and in the oxide 
are key factors in determining the electrical characteristic of a MOS device~ 
Three characteristics of the SIMS data were observed and analyzed. First of all, 
the uniformity of- the oxide thickness as compared to the distri.bution. of fluorine 
in the fluorinated oxide structure must be .observed. Figures 12 and 13 display 
fluorine uniformity data for the three distinct regions in the oxide structure 
(surface, oxide and near interface). Figure 12 pictures an even distribution of 
fluorine from site to site across .a wafer. Figure 13 shows data for wafer to wafer 
uniformity down the furnace tube. All of the SIMS uniformity data was 
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generated from oxidation runs completed after improvements in oxide thickness 
uniformity were instituted. The only area that had uniformity problems wa.s 
the surface region on the wafer to wafer plot (Figure 13). This can be explained 
in terms of the origin of the fluorine. The control sample which was run under 
dry oxygen conditions had a surface fluorine concentration of approximat.ely 435 
ppm. The surface fluorine concentration for samples pictured in Figure 13 
range from 130 ppm to 3800 ppm. The differences in surface fluoririe content is 
a function of the. amount of fluorine placed in the furnace tube as well as the 
amount of fluorine accumulated on the wafer prior to going into the furnace. 
Furthermore, Figures 13A, l3B and 13C all have similar patterns for the 
fluorine concentrations in each of the three noted regions of the oxide structure. 
The surface concentration of fluorine was the highest, the near interface was 
intermediate and the oxide was lqwest. Figure l3D shows the near interface 
having the highest fluorine content with the oxide having an intermediate level 
and the interface having the lowest amount. Figure 15 helps explain this 
phenomenon. Figure 15 displays four SIMS plots of fluorine ·concentration 
versus depth. The four plots show the concentration levels of NF 3 necessary to 
cause saturation in the oxide and near interface ·regions. At NF 3 concentrations 
less than 100 ppm the fluorine is observed to peak at the ·near interface with 
only small amounts of fluorine present in the oxide. As the amount of NF 3 
approaches 100 ppm the near interface region approaches saturation and a .more 
consistent level of fluorine is observed in the oxide (2nd figure in Figure 15). At 
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75 ppm (Figure 130) the near interface is saturated with fluorine causing a 
jump in the relative amounts of fluorine in each of the regions. 
Furthermore, as the NF 3 concentration level in the oxidation furnace is 
increased from 100 ppm to 400 ppm, the fluorine is saturating the oxide region 
-and the peak in the fluorine concentration at the near interface becomes less 
apparent. At 400 ppm NF 3 , the fluorine de_pth profile is flat throughout the 
oxide and near interface regions. At NF 3 concentrations between 400 ppm and 
75.0 ppm the flat fluorine depth profile slowly reaches a maximum value where 
the entire oxide is saturated with fluorine at approximately 217 parts per 
thousand. 
Figure 17 shows that the saturation of the oxide with fluorine happens very 
quickly :and that it is more. dependent on the concentration of NF 3 placed in 
the furnace .tube than how long it is allowed to remain in the oxidizing ambient. 
The deviations in oxide thickness depicted in Figure 17 arise from the high 
concentration of NF 3 placed ·in the furnace (1000 ppm). al)d the lack of 
optimizing the baffling sequence and gas flows. Even though the film thickness 
is greater for a 14 minute oxidation in a 1000 ppm NF 3 ambient than for a 300 
minute oxidation in the same ambient, the concentration of fluorine in the near 
interface region is approximately the same. The slight p·eak in fluorine 
concentration at the near interface region is also a function of the exclusion of 
oxide thickness. uniformity improvements for these two fluorinated runs. 
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Finally, Figure 18 addresses the concern about moisture being the controlling 
fact.or in changing SIMS depth profiles of fluorinated oxide structures. Figure 
18 pictures three SIMS plots of depth profiles of silicon and hydrogen. Wafer 
# 102 had an NF 3 concentration of 40 ppm during the oxidation cycle, while 
wafer # 11 g had 60 ppm NF 3 and wafer # 108 had 75 ppm NF 3 . All three NF 3 
levels give SIMS profiles with a peak in the fluorine level at the near interface 
.region. No hydrogen exists, within the detection limit of SIMS,. in any of these 
samples. Therefore, moisture does not influenc·e the charac.teristic shape of the 
SIMS depth profile. The shape of the SIMS profile as well as the concentration 
of fluorine depend primarily on the concentration of fluorine placed in the 
oxidizing ambient and the logistics of the furnace used in the oxidation process. 
Other contributing factors are oxidation temperature and oxidation time. 
CONCLUSIONS 
The manufacturability of fluorinated oxidation processes was studied in the 
Device Development Laboratory at AT&T-Bell Laboratories in Allentown, f A. 
Since the nature of the interface. in a MOS structure. determines the electrical 
characteristics of'the oxide, a study was also completed that related the amount 
of fluorine found in the oxide structure to the amount of NF 3 placed in the 
furnace tube during the oxidation cycle. Process windows were defined for 
fluorinated oxidations completed in the given experi.mental furnac.e system 
through uniformity data. A manufacturable process was defined as one which 
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results in oxide thickness uniformity within 10%. Oxide thickness uniformity 
w.a.s rneasured via ellipsometry. The process windows were defined as oxidation 
tem_peratures frorn 800 to 1000 ° C,. oxidation intervals from 12 to ·300 minutes 
and NF 
3 
concentrations dispensed into the furnace tube during the oxidation 
cycle of 10 ppm to 100 ppm. 
SIMS depth profiles were generated from samples run within the confines of the 
process windows. The SIMS pr9files depicted uniform distributions of fh1orine 
in the oxide and near interface regions independent of wafer and measurement 
position. Saturation of the oxide structure was measured via SIMS and 
occurred in a sequential fashion as the concentration of NF 3 dispensed in the 
tube was increased. The near interface region saturates first at about 100 ppm 
NF 
3
• The concentration of fluorine in the oxide increases until it equals the 
concentration of fluorine in the near interface. This occurs at approximately a 
level of 400 ppm NF 3 • Lastly, the level of fluorine increases through the entire 
structure until saturation. The saturation point occurs when 750 ppm NF 3 is 
placed in the oxidizing ambient for 60 minutes at 900' C. The saturation level 
is equal to 217 parts per thousand of fluorine in the oxide and near interface 
. 
regions. 
The shape of the SIMS profile and the concentration of the fluorine in the 
fluorinated oxide structure i~ predominantly dependent on the furnace system 
and the concentration of NF 3 introduced into the furnace tube during the 
oxidation cycle with lesser contributions arising from oxidation temperatures 
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and oxidation times. However, the shapes of the SIMS profiles observed in this 
paper were independent of moisture content in the furnace system. Finally, the 
carry-over effect of residual fluorine left in the furnace tube from previous runs 
was minimal. 
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Figure 14: 
Fluorine concentrations in the nuorinated oxide structure (as determined by SIMS analysis) as a 
function of NF s concentration in the furnace tube during the oxidation cycle. All the data was taken 
from nuorinated oxide runs completed at an oxidation temperature of 900 • C and an oxidation time of 
60 minutes. Figure A contains data collected prior to improving the oxide uniformity while Figure B 
contains data collected after the oxide uniformity was improved. 
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